A new sensor design for remote surface-enhanced Raman scattering (SERS) measurements has been developed for environmental applications. The design features the modification of an optical fiber using layers of alumina niicroparticles and silver coatings for inducing the SERS effect at the sensing probe. A single fiber carries both the laser excitation and the SERS signal radiation, keeping optical parameters at the remote tip simple and consistent. The small tip size achievable with this configuration also demonstrates potential of this new design as a microsensor for in-situ measurement in niicroenvironments. Details of sensor tip fabrication and optical system design are described. SERS spectra of aqueous environmental samples acquired in-situ using the SERS sensor are also presented to illustrate the effectiveness of the SERS sensor.
INTRODUCTION
Ra.man spectroscopy has the potential of being a valuable tool in environmental analysis due to recent advances in the surface-enhanced Rainan scattering SERS technology. The very narrow, highly-resolved vibrational bands associated with the Raman scattering process not only yield structural information about analyte molecules, but also offer a spectral selectivity which is comparable to that of infrared (IR) absorption spectroscopy. The spectral selectivity can enable the analysis of complex mixtures without excessive sample pretreatment, thus making it particularly useful for in-situ environmental sampling. However, the inherently low cross-section of normal Raman scattering has been a severe limiting factor for its use as an analytical tool. In 1974, Fleischmann and coworkers discovered a giant enhancement in the Raman signal from compounds adsorbed on or near roughened silver electrodes.1 This enhancement factor has been confirmed by Van Duyne Ct al. to be as high as 107.2 These discoveries have initiated great interest in SERS as a sensitive analytical technology. In this work, we introduce a SERS-based optical fiber sensor which exhibits the potential for remote analysis.
Increasing use of the SERS technology has involved extensive efforts in the development of theories and the substrate technology utilizing the giant Raman signal enhancement. The theory for SERS can generally be described in terms of a chemical model and an electromagnetic model, both requiring a roughened surface. The short-range chemical model involves the formation of an "adatom" via adsorption of the analyte with the roughened metal surface and has been described as being dependant on the atomic-scale roughness of the surface.3'4 The long-range electromagnetic model involves the generation of intense fields concentrated at protrusions in the roughened surface. These fields areinduced by the oscillation of conduction electrons (surface plasmons) in the metal surface.5-7 The electromagnetic enhancement is dependant on large-scale roughness.8-10 Based on these theories, several media have been developed to utilize the SERS effect, including silver-coated quartz posts," metal island films12'13 andmetal-coated microspheres.1415 SERS-based optical fiber sensors developed thus far vary widely in design. For example, sensors based on thiol-modified metal surfaces have been reported for the selective adsorption of metal ions and aromatic compounds.'6"7 Sensors based on electrochemical adsorption have also been reported. 18,19 Some designs have enabled SERS detection with fibers as long as 250 rn.2° In our laboratory, we have developed optical fiber sensors based on silver-coated microspheres or microparticles. The original design coupled separate excitation and optical fibers to a flat, detachable, silver-coated microsphere-based substrate.21 The substrates used in this design have been successfully used for the detection of chemicals of environmental concern, including polycyclic aromatic compounds,14 organophosphorus compounds,22 chlorinated peti23 fungicides,24 and other growth inhibitors.25 In addition we have used these substrates to investigate cosmetic and food products,26 DNA products,27 and gene 28 We have also been able to couple this probe to a red-enhanced intensified chargecoupled device (RE-ICCD) for rapid remote sensing.29
In this work, we describe a new single-fiber design in which the fiber itself is modified for SERS activity.
There is no need for a separate substrate. The tip of the single fiber is coated with layers of alumina microspheres and then coated with silver. A holographic beam splitter used in the optical system allows the use of the single fiber for the transmission of both laser excitation and SERS signal radiation. With this new system, the lack of complicated optical components at the sensor tip provides the potential for improved signal reproducibility. The size of this new sensor is also much smaller than the original design, making in-situ measurements in microenvironments feasible. By coupling this probe to an RE-ICCD detection system, we have been able to rapidly acquire data, in-situ, on aqueous environmental samples.
EXPERIMENTAL

Sensor Tip Fabrication
The SERS sensor tips were made from a 600-jim diameter silica optical fiber (Fiberguide Industries) which was cleaved into 8-cm sections. The ends of these sections were stripped of the jacket and cladding, cleaned and polished. The stripping exposed 1-cm lengths of silica fiber from each end. Cleaning included rinsing with dilute nitric acid, water and ethanol. Polishing was performed with alumina polishing sheets (0.5-pin grain). The newly polished fibers were then dipped (one end only) in a 5% aqueous suspension of alumina (Baikowski International, Charlotte, NC) for about three seconds. The fibers were then allowed to dry and placed in a vacuum evaporation system (Cooke Vacuum Products, Model CV-301) for application of the silver coating. Silver deposition was performed at a rate of approximately 1.5 A/s at a pressure of 2 x 10-6 Ton. The thickness of the silver coating was 1000 A.
Instrumentation
The optical system used for this work is illustrated in Figure 1 . The excitation source was a helium-neon laser (Spectra Physics, Model 106-1). The 632.8-nm line was spectrally purified with a narrow bandpass filter (FWHM = 3.0 0.5 nm)(Corion, Model P3-633-A-X516). The beam intensity emerging from the bandpass filter was approximately 3 mW. A holographic beam-splitter (Kaiser, Model HB-633-l.O) reflected the 632.8-nm radiation into a lOx objective lens, which focused the radiation onto the SERS-active optical fiber tip. The Raman scattering signal returning from the SERS-active tip and emerging from the sensor optical fiber was collected and collimated by the same objective lens. The Raman-shifted radiation was transmitted through the holographic beam splitter towards a second optical fiber, while the 632.8-nm radiation was reflected back towards the laser. A holographic notch filter (Physical Optics Corporation) was used to reject any Rayleigh-scattered radiation that was not diverted from the optical axis by the beam splitter. An f/i lens was used to focus the SERS signal onto the second optical fiber which transmitted the SERS signal to a spectrograph (Instruments SA, Model HR-320), which was equipped with a 600-gr/mm grating. Reciprocal linear dispersion was 50mm/mm. All measurements were performed with an entrance slit width of 30 jnn, resulting in a resolution of approximately 3.3 cm-1 at 675 nm. Multichannel detection was performed with a red-enhanced intensified charge-coupled device (RE-ICCD)(Princeton Instruments, Model RE/ICCD-576S). This detector was thermoelectrically-cooled to 340 C. A software package designed by the Princeton Instruments specifically for this detector was used for all data acquisition and processing. 2,4-dinitrophenol was selected since this compound is related to explosive contaminants in aqueous environments. The spectrum was acquired by first dipping the tip into an aqueous solution of the DNP at 2.2 x 10-3 M concentration. The solution was contained in a micro centrifuge tube. After submerging the sensor tip in the solution for approximately 1 minute, the sensor was removed and allowed to dry. The spectrum was also acquired using an accumulation of 10 RE-ICCD exposures of lOs each. A blank spectrum of the dry sensor probe tip acquired before submersion in the DNP is illustrated by Figure 2b . All experimental parameters were constant for both spectra except for the RE-ICCD gain, which was higher for the blank. The higher intensity level demonstrated by the blank is entirely due to the higher detector gain level, which was selected to elucidate any possible structure exhibited by the blank. This blank spectrum shows no significant SERS bands in the spectral region of interest.
3.2. Submerged probe detection. Figure 3a illustrates the SERS spectrum of cresyl fast violet (CFV) acquired from a 1.8 x 10-6 M aqueous solution. The CFV compound is a good tracer compound to monitor underground water migration. In this case the SERS sensor was dipped in the analyte solution and left submerged for the duration of the measurement. The spectrum was acquired as the accumulation of 5 exposures of 5s each. The solution was contained in a microcentrifuge tube and was not stirred. We have observed that the SERS signals from solutions measured insitu vary with time. This particular spectrum was taken after 35minutes of submersion. A blank spectrum of the sensor submerged in pure water is also illustrated by Figure 3b . This spectrum was taken before exposure to an analyte solution. The high intensity level exhibited by the blank spectrum is due to the higher detector gain level of the detector which was again selected for the investigation of minor structures in the blank spectrum. Otherwise, experimental parameters were held constant for the two spectra. As can be seen by the figure, however, no significant structure is exhibited by the blank spectrum for the spectral region of interest. Figure 4 demonstrates the spectrum of a ground water sample containing 500 ppb (1.5 x 10-6 M) CFV. The ground water was obtained from an industrial waste burial site. In this case the fiber sensor tip was left submerged in the environmental sample for the duration of the measurement. The spectrum, representing an accumulation of 5 exposures of 5s each, was taken 30 minutes subsequent to sensor submersion. This example demonstrates the potential of monitoring underground water migration with CFV using the new SERS sensor.
Ground Water Sample
In conclusion, a new SERS-based sensor has been described for the remote analysis of environmental samples. It consists of a single optical fiber modified to induce the SERS effect. The fiber is coated with layers of alumina microspheres and silver and is, in this respect, very similar to the flat plate microsphere-based substrates introduced in earlier work.15 Our work has illustrated that the sensor can be successfully used by either dipping the probe in a remote sample and then allowing the tip to dry after retraction from the sample before measurement, or by submerging the sensor tip in the sample and acquiring real-time spectra during submersion. This study demonstrates the feasibility of a SERS fiberoptic sensor for in-situ detection of chemicals for environmental applications. 
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